Abstract: This paper presents a signal processing based algorithm, the Mildly Nonstationary Mission Synthesis (MNMS ), which produces a short mission signal from long records of experimental data. The algorithm uses the discrete Fourier transform, orthogonal wavelet transform and bump reinsertion procedures. In order to observe the algorithm e ectiveness a fatigue damage case study was performed for a vehicle lower suspension arm using signals containing tensile and compressive preloading. The mission synthesis results were compared to the original road data in terms of both the global signal statistics and the fatigue damage variation as a function of compression ratio. Three bump reinsertion methods were used and evaluated. The methods di ered in the manner in which bumps (shock events) from di erent wavelet groups (frequency bands) were synchronized during the reinsertion process. One method, based on time-synchronized section reinsertion, produced the best results in terms of mission signal kurtosis, crest factor, root-mean-square level and power spectral density. For improved algorithm performance, bump selection was identi ed as the main control parameter requiring optimization.
NOTATION
N f number of cycles to failure for a particular stress range and mean (cycles) s max maximum stress for the fatigue time a factor of 10 shorter than the original data without signi cant changes in the statistical properties of the history (MPa) w k phase angle chosen from a random signals.
The aim of the research described in this paper was distribution over the interval 0 to 2ð y(t) wavelets to investigate the e ectiveness of the MNMS algorithm in the fatigue analysis application and to develop new y* complex conjugate of y y a,b (t) scaled wavelets modules based on the fatigue damage properties of the individual bump events. In addition to random or pseudo-random background behaviour, many exper-
INTRODUCTION
imentally measured road load datasets encountered when analysing the fatigue life properties of vehicle components contain transient features such as potholes and Many structural components in vehicles are subject to curb strikes. The extraction and reinsertion of these stochastic loadings and these load histories are often bumps retains important information that is often lost lengthy and random in nature. Random vibration theory by conventional strain-life fatigue analysis tools that has often been introduced in order to analyse and sumignore the load cycle sequence. Consideration of the marize such data. Since fatigue is one of the major causes fatigue damage potential of each individual bump during of vehicle component failure, its life prediction has the operations leading to the shortened mission signal become a subject of discussion in many texts which treat was expected to produce shorter and more accurate the subject of random vibration [1, 2] . Previous research sequences. In order to develop and validate the needed of the subject of fatigue damage calculation has largely procedures, a fatigue analysis case study was performed concentrated on rain ow cycle counting of the nonusing experimental data from the lower suspension arm stationary signals [3] , Weibull and Markov approaches of a vehicle travelling over a pavé surface at 34 km/h. [4], the strain-life models of Smith-Watson-Topper
The results suggest that the modi ed MNMS algorithm (SWT ) and Morrow, and the linear cumulative damage produced statistically accurate fatigue missions for comrule of Palmgren-Miner [5] . Fatigue analysis has often pression ratios up to approximately 10 and indicated the been performed using measurements taken from protoareas of greatest parameter sensitivity that should be type components to predict the fatigue behaviour [6 ] .
considered for future development. This is a costly activity because an interactive design cycle is centred on the construction of real prototype components. A more desirable approach involves com-2 THEORETICAL BACKGROUND puter simulation that can be quickly performed during the design cycle in order to achieve the optimal design 2.1 Classi cation of random time histories [7] . Since general fatigue loading histories can be lengthy, methods are needed for summarizing and reconRandom processes can be categorized as stationary or structing the time histories. Several previous studies non-stationary. Stationary signals exhibit statistical [8, 9] have shown that non-stationary fatigue time hisproperties that remain unchanged as a function of time tories can be reconstructed by removing the mean variwhile the statistics of non-stationary signals can be ation so as to produce a stationary signal that can be highly dependent on the time of measurement [18] . modelled using the autoregressive moving average Many signals exhibit time-varying or non-stationary (ARMA) approach. Other studies have researched characteristics, which provide a challenge to analysis and fatigue editing techniques that reduce the signal length classi cation using traditional signal processing techby removing sections of the time histories that cause little niques [19] . Examples of non-stationary time histories damage [10] [11] [12] [13] .
are presented as Fig. 1 . A mildly non-stationary signal The need to shorten non-stationary time histories for can be de ned as a random process with stable mean the purpose of mission synthesis has led to the developand root-mean-square (r.m. The crest factor value for sinusoid time histories is 1.4142 is the fourth-power statistical parameter and for discrete and the value approaches 4.0 in the case of a Gaussian datasets can be approximated by random signal.
Fatigue damage analysis
Fatigue failure is a process that involves crack initiation For a stationary Gaussian process the kurtosis is and propagation of a component under repeated loadapproximately 2.9. Kurtosis values higher than 2.9 indiing. The fatigue behaviour of mechanical components cate the existence of numerous extreme values, inconsistunder service loading and its evaluation are usually ent with a Gaussian distribution, while kurtosis values a ected by numerous uncertainties and characterized by lower than 2.9 indicate a relatively at distribution, again several random variables such as materials properties, inconsistent with a Gaussian distribution. The crest structural properties and load variation [20] . There are three major approaches to predicting fatigue life, namely factor is de ned as the ratio between a maximum value stress-life, strain-life and fracture mechanics. In general, uniaxial random loadings rain ow cycle counting is the most commonly used method for predicting the fatigue the stress-life approach is used when the applied stresses are low and below the yield stress of the materials under life of components [23] . high-cycle fatigue conditions. The strain-life approach is used when the applied stresses and the local plastic 3 MNMS FATIGUE MISSION SYNTHESIS strains are quite large under low-cycle fatigue conditions. ALGORITHM A fracture mechanics approach is more appropriate when analysing the fatigue crack propagation under cyclic loading conditions [21] .
Mildly non-stationary signals are characterized by a preMean stress can have a substantial e ect on fatigue dominantly random background on which a few large behaviour and in the strain-life approach two mean amplitude peaks are superimposed due to short duration stress e ects models are commonly used, i.e. the Smithtransients. A bump can be de ned as a large amplitude Watson-Topper (SWT ) and the Morrow strain-life transient event that may cause the overall time history models. The SWT strain-life model is described by to deviate locally from a stationary Gaussian model. A owchart describing fatigue mission synthesis performed by means of the MNMS algorithm
where E is the material modulus of elasticity, s max is a 3.1 Signal processing elements true maximum stress, e a is a true strain amplitude, 2N f is the number of reversals to failure, sê f is a fatigue strength The rst stage of MNMS processing is the determination coe cient, b is a fatigue strength exponent, e ê f is a fatigue of the input signal power spectral density (PSD) so as ductility coe cient and c is a fatigue ductility exponent.
to quantify its frequency domain characteristics. Each The Morrow strain-life model is consistent with the frequency step value of the PSD is characterized by an observation that mean stress e ects are signi cant at low amplitude value values of plastic strain and that they have little e ect at high plastic strains. Morrow's model is de ned by
where
and f k is the frequency of the harmonic. MNMS uses the amplitude values A k , which are then used to generate For loading sequences that are predominantly tensile in a short synthetic Fourier background signal, y(t), by nature the SWT approach is recommended. In the case means of the Fourier expansion where the loading is predominantly compressive the Morrow approach can be used to provide more accurate
The damage caused by each cycle of repeated loading where the phase angle w k is chosen as a random function is calculated by reference to material life curves, such as in the interval from 0 to 2ð and the maximum number stress-life (S-N ) or strain-life (e-N ) curves. The N f value of samples N is de ned by the desired compression ratio. for each cycle can be obtained from equations (4) and
The compression ratio is de ned as the ratio between (5) for both strain-life models. Fatigue damage, D, for the length in time of the original signal and that of the one cycle is calculated as synthetic Fourier signal. The next stage of MNMS processing is a wavelet D = 1 N f (6) decomposition and wavelet level grouping procedure. A wavelet-based analysis is used due to the superiority of time-frequency methods over Fourier methods when and the total damage caused by N cycles is referred to analysing signals containing transient events [2, 24, 25] . the Palmgren-Miner rule in which the accumulated Wavelets are analytical functions y(t) that are used to damage, å D, is expressed as decompose a signal x(t) into scaled wavelet coe cients W c (a, bê). The continuous wavelet transform is a time-
scale method that can be expressed as where N i is the number of actual cycles within a particu-
lar stress range and mean, and N f is the number of cycles to failure for a particular stress range and mean. A fatigue cycle is de ned as a closed loop on a cyclic stresswhere y a,b (t) are the scaled wavelets and y* is the complex conjugate of y. The basis wavelet y (t ) can be strain curve. The fatigue damage is mainly related to cyclic amplitudes, or ranges, and not to peak values. For chosen from a number of functions that satisfy a set of ë0 is the translation step. This implies Of the wavelet basis functions appropriate to forming the construction of a time-scale grid, and thus a discrete an orthogonal set, the Daubechies wavelet was chosen wavelet transform can be de ned by due to its e ciency in providing a large number of vanishing statistical moments. A twelfth-order represen-
tation was adopted due to its successful application in several previous studies involving automotive road data [26-28]. Since the Daubechies wavelets of order N When the wavelets y m,n (t) form a set of orthonormal provide N/21 vanishing moments [29] , the twelfthsigni cant energy, as seen in the PSD plot. Wavelet group time histories are then formed by the summation order of the Daubechies wavelet can be considered adequate for the MNMS application since greater than of their constituent wavelet level time histories. The wavelet level grouping procedure was developed to avoid two vanishing moments are rarely required when compressing speech or video signals [30] . situations where energy from one vehicle subsystem resonance concealed data from others. Each of these levels In MNMS, the OWT is used to split both the original and the synthetic Fourier signals into wavelet levels that corresponds to a speci c frequency range which is physiological to the system being investigated. For many consist of the reconstructed signals from the wavelet decomposition for a given value of scale aÕ m 0 . Each wavedatasets, such a grouping provides individual frequency bands that completely describe the individual subsystem let level describes the time behaviour of the signal within a speci c frequency band. The number of discrete samresonance. In the fatigue analysis implementation of MNMS the wavelet groups were ordered from the lowest pling points in the time history being analysed determines how many wavelet levels can be decomposed.
frequency to the highest frequency. Figure 3 presents the wavelet groups chosen in the case of an analysis When the number of sampling points N is equal to 2n (N =2n ), the number of levels obtainable from the OWT performed for a 32 000 point random vibration signal sampled at 512 Hz measured at the wheel hub of decomposition is n+1.
A wavelet grouping stage is used in MNMS to permit an automobile travelling over a comfort surface at 40 km/h. the user to group wavelet levels into single regions of 
Bump identi cation and reinsertion procedures
can be seen to consist mainly of constants, thus suggesting that the relative severity can be quanti ed by means In MNMS, bump identi cation is achieved in each waveof the product of the maximum strain and the strain let group time history by means of a user selected trigger amplitude: level that is speci c to the wavelet group. Figure 4a presents a set of possible trigger levels de ned in terms of
B
(12) the standard deviation of the data of the individual wavelet group. Once a bump event exceeding the pre-set trigger level is identi ed, the time extent of the event In MNMS, reinsertion procedures take bumps from a list of events found in the experimental data and reinsert must be de ned. In MNMS, bump events have been de ned as oscillatory transients having a monotonic them into the short synthetic Fourier background signal, introducing non-stationary behaviour. Two bump decay envelope on either side of the peak value. A search identi es the points at which the signal envelope inverts reinsertion procedures are currently de ned. In proportional reinsertion, the bumps are chosen by moving from a decay behaviour. The two inversion points, one on either side of the peak value, de ne the temporal down the list of sorted bump events in descending steps equal to the compression ratio. This ensures that the extent of the bump event, as shown in Fig. 4b .
Once all bump events have been identi ed from all ratio of the number of bumps that were reinserted to those available is in direct proportion to the overall wavelet groups they are sorted in descending order from the most severe to the least severe. Using the SWT signal compression ratio. In maximal reinsertion, all the bumps that can t into the synthetic Fourier signal are fatigue damage model, the left-hand side of equation (4) reinserted, starting from the rst event (the one with the 4 VEHICLE SUSPENSION ARM CASE STUDY highest damage potential ) and continuing until there is no further space in the time history. Maximal reinsertion 4.1 Experimental measurements attempts to produce the highest possible kurtosis value, The e ectiveness of the MNMS fatigue algorithm was and thus the highest possible non-stationarity and veri ed by a case study involving data for a vehicle susdamage potential, using as many as possible of the tranpension arm. The signals were experimentally measured sient events of the original dataset. For large comon the lower suspension arm of a vehicle travelling at pression ratios, however, not all the bumps from the 34 km/h over a Leyland Technical Centre (LTC) pavé lowest frequency wavelet group can normally be tted durability test track [31], shown in Fig. 6a . The signals into the Fourier signal due to insu cient space.
were measured at the top and side of the suspension arm, When reinserting bump events coming from di erent the strain gauge locations being shown in Fig. 6b . Two wavelet groups, three synchronization procedures have signals were chosen for analysis, one having tensile prebeen de ned, i.e. non-synchronized, synchronization 1 loading and the other compressive preloading. Both sigand synchronization 2. As shown in Fig. 5a , nonnals were sampled at 500 Hz for a total of 24 000 data synchronized reinsertion consists of treating each wavepoints, which produced a total record length of 48 s. let group independently, assuming that a bump that
The time histories and power spectral densities of both occurs in one wavelet group has no relation to any other signals are presented in Fig. 7 and their global signal bump in any other wavelet group. The bumps are statistics are presented in Table 1 . The kurtosis values reinserted at the point of closest similarity to the data suggest mildly non-stationary signal behaviour. of the wavelet group time history of the synthetic Fourier signal. As shown in Fig. 5b , the synchronization 1 procedure reinserts groups of bumps from di erent wavelet 4.2 MNMS analysis and fatigue damage calculation groups that occur simultaneously in time. The wavelet group associated with the lowest frequency band (waveThe experimentally measured strain gauge signals were let group 1) is used as the basis for the synchronization analysed and summarized using MNMS at compression check. All bumps from wavelet groups 2 and above that ratios from 1 to 10. Both strain gauge signals were are found to occur at the same time as a wavelet group 1 decomposed into 12 wavelet levels and assembled into 4 event are clustered together with that bump. These cluswavelet groups. Manually selected wavelet group trigger tered bumps are reinserted into wavelet group 1 of the levels in the range from 2.4 to 3.3 standard deviations synthetic Fourier signal at the point of closest similarity.
were found to produce accurate fatigue missions. Fatigue After the clustered bumps are reinserted, the remaining damage was calculated in all cases for both the original independent bumps are then tted in the unoccupied experimental datasets and the MNMS generated mission space in each of the Fourier wavelet groups. As shown signals using the SWT and Morrow strain-life models as in Fig. 5c , synchronization 2 involves reinserting whole implemented in the nSoft Ò software package. The matesegments of the original time history back into the synrial properties given in Table 2 [22] were used for the thetic Fourier signal. If a bump event is found in any of fatigue damage calculation of the vehicle suspension the wavelet groups, a block of data covering the time arm, which was fabricated from SAE 4340 steel. extent of the bump feature is taken from the original dataset and substituted into the synthetic Fourier signal. This synchronization strategy, the most conservative, 4.3 Results and discussions retains all of the original amplitude and phase relationships of the original signal. Figure 7 presents the original experimental time histories and power spectral densities along with typical mission In order to optimize bump correction, each bump event is introduced at a location where the synthetic signals obtained using the method of maximum reinsertion, the synchronization 2 procedure and a comFourier signal most closely resembles the transient event. This location is determined by means of a correlation pression ratio of 5. The point in the synthetic Fourier signal where the lowest Figure 8c presents, for both the tensile and the compressive mean loading conditions, the experimental r.m.s. di erence occurs is selected as the insertion point. kurtosis values and those of the fatigue missions rection for compression ratios of 3 and greater. For both experimental datasets (tensile and compressive) the misobtained for compression ratios from 1 to 10. The mission signal kurtosis was found to be within the range sion kurtosis values were higher than those of the experimental target data using both reinsertion methods. The In this case the crest factor value is deterof the overall signal rises, leading to double counting of the energy that nds itself represented in both the synmined by the peak value of the bump having the greatest fatigue damage potential (the rst one reinserted by all thetic Fourier background and the reinserted segments.
Figures 8e and f present the crest factor values of the of the MNMS bump reinsertion schemes) and remains Table 2 Material properties for SAE 4340 steel [23] procedures decreased when the compression ratio increased. This was caused by the reduction in the compression ratio. For the compressive mean strain signal shown in largely una ected by the choice of reinsertion scheme.
Figs 9c and d, the Morrow fatigue damage of the mission The exact value is determined by the synchronization signal was often higher than the target. This occurred at scheme, with the synchronization 2 method always procompression ratio 1 for maximum reinsertion and for viding the greatest value since an actual segment of the most compression ratios using proportional reinsertion. road data is reinserted, not a processed representation, Examples of the in uence of the bump trigger level which might lack energy from one or more wavelet on the mission synthesis process are provided by the data groups. The results for the compressive mean valued of Tables 3 and 4. Table 3 presents the number of bump signal show greater variation in the crest factor results.
events identi ed for the tensile mean loading experimenThis particular dataset was characterized by the presence tal signal and the number reinserted into the synthetic of high energy levels at very low frequencies, a situation Fourier signal using the synchronization 2 procedure. that made the crest factor highly dependent on the exact Reducing the trigger level produces a proportional point on the synthetic Fourier time history at which the increase in the number of bump events identi ed. For bump was reinserted. In terms of the synchronization the same experimental signal, Table 4 presents instead procedures, synchronization 2 produced the crest factor the calculated fatigue damage of the mission signals values that were the closest to the target, deviating by 1 obtained using di erent bump trigger levels. Damage to 14 per cent for the tensile mean strain loading and can be seen to increase with reductions in the trigger 23 to 13 per cent for the compressive mean strain level (an increase in the number of bumps identi ed loading. and used ). , and the for the case of proportional reinsertion, in which the number of datasets used in the MNMS analysis, target damage line decreases in proportion to the m=1. From the equations in Fig. 11 , these values compression ratio.
produced UAL =3, UWL =2, LWL=2 and The synchronization 2 method generally produced the LAL=3. Therefore, it was determined that all wavelet highest total fatigue damage distribution compared to groups should be triggered at values of twice the r.m.s. other synchronizations for compression ratios greater value or greater. The trigger level values used in the than 4. The higher fatigue damage potential of the synchcurrent study were also estimated based on previous ronization 2 missions is caused by the nature of the signal research [16, 17], which found optimal trigger level correction procedure, in which the mission signals prevalues of 2.0-4.5 times the signal r.m.s. for acceleration serve fully the original phase and amplitude relationships signals measured for automobiles at the front wheel across the full frequency spectrum of the analysis (all hub and seat guide. Further support for the trigger levels used comes from fatigue studies [33, 34] , which wavelet groups). The damage for all synchronization WG=Wavelet Group NB1=number of bumps extracted from the original signal at synchronization 2 of total time t 1 NB2=number of bumps reinserted into the Fourier background signal (to produce the mission signal) at compression ratio 2, maximum reinsertion and synchronization 2 of total time t 2 NB3=number of bumps reinserted into the Fourier background signal (to produce the mission signal) at compression ratio 2, proportional reinsertion and synchronization 2 of total time t 3 suggested that most damage is caused by stress values the fatigue damage analysis of two datasets containing greater than 2-4 times the r.m.s. value of the complete tensile and compressive mean-valued strain data for a signal.
lower suspension arm of a road vehicle. Each dataset consisted of 24 000 data points sampled at 500 Hz for a vehicle travelling over a pavé test surface. The two data-5 CONCLUSIONS sets were analysed and synthesized using all bump synchronization and bump reinsertion procedures currently available in the MNMS algorithm for compression ratios The MNMS algorithm has been enhanced for use in fatigue mission synthesis and this study has focused on from 1 to 10.
